While the neural control of glucoregulatory responses to insulin-induced hypoglycemia is beginning to be elucidated, brain sites responsible for behavioral responses to hypoglycemia are relatively poorly understood. To help elucidate central control mechanisms associated with hypoglycemia unawareness, we first evaluated the effect of recurrent hypoglycemia on a simple behavioral measure, the robust feeding response to hypoglycemia, in rats. First, food intake was significantly, and similarly, increased above baseline saline-induced intake (1.1 Ϯ 0.2 g; n ϭ 8) in rats experiencing a first (4.4 Ϯ 0.3; n ϭ 8) or third daily episode of recurrent insulin-induced hypoglycemia (IIH, 3.7 Ϯ 0.3 g; n ϭ 9; P Ͻ 0.05). Because food intake was not impaired as a result of prior IIH, we next developed an alternative animal model of hypoglycemiainduced behavioral arousal using a conditioned place preference (CPP) model. We found that hypoglycemia severely blunted previously acquired CPP in rats and that recurrent hypoglycemia prevented this blunting. Pretreatment with a brain penetrant, selective orexin receptor-1 antagonist, SB-334867A, blocked hypoglycemia-induced blunting of CPP. Recurrently hypoglycemic rats also showed decreased preproorexin expression in the perifornical hypothalamus (50%) but not in the adjacent lateral hypothalamus. Pretreatment with sertraline, previously shown to prevent hypoglycemia-associated glucoregulatory failure, did not prevent blunting of hypoglycemia-induced CPP prevention by recurrent hypoglycemia. This work describes the first behavioral model of hypoglycemia unawareness and suggests a role for orexin neurons in mediating behavioral responses to hypoglycemia. diabetes; perifornical hypothalamus; serotonin; awareness HYPOGLYCEMIA UNAWARENESS AND concomitant failure to activate behavioral defenses against hypoglycemia (such as feeding) contribute to the problem of hypoglycemia-associated autonomic failure and the vicious cycle of insulin-induced hypoglycemia (IIH) in Type 1 diabetes mellitus and advanced Type 2 diabetes mellitus patients undergoing intensive insulin therapy for tight glycemic control (8, 9). The neurogenic symptoms generated by adrenergic and cholinergic activation (such as palpitations and diaphoresis) and neuroglycopenic symptoms generated by central glucopenia per se (such as diminished cognitive function) result in awareness of hypoglycemia and stimulate corrective behavioral responses (such as feeding or glucose administration). However, the central neural substrates for awareness of the hypoglycemic state and the neuronal mechanisms underlying the blunting of this awareness following repeated bouts of IIH are not well understood. More importantly, no animal model of blunted awareness following repeated bouts of IIH exists.
HYPOGLYCEMIA UNAWARENESS AND concomitant failure to activate behavioral defenses against hypoglycemia (such as feeding) contribute to the problem of hypoglycemia-associated autonomic failure and the vicious cycle of insulin-induced hypoglycemia (IIH) in Type 1 diabetes mellitus and advanced Type 2 diabetes mellitus patients undergoing intensive insulin therapy for tight glycemic control (8, 9) . The neurogenic symptoms generated by adrenergic and cholinergic activation (such as palpitations and diaphoresis) and neuroglycopenic symptoms generated by central glucopenia per se (such as diminished cognitive function) result in awareness of hypoglycemia and stimulate corrective behavioral responses (such as feeding or glucose administration). However, the central neural substrates for awareness of the hypoglycemic state and the neuronal mechanisms underlying the blunting of this awareness following repeated bouts of IIH are not well understood. More importantly, no animal model of blunted awareness following repeated bouts of IIH exists.
In this series of studies, we attempted to develop a behavioral measure by which hypoglycemia unawareness could be modeled in animals. We first evaluated whether or not the robust feeding response to IIH is blunted by antecedent hypoglycemic episodes, as occurs for hormonal responses [epinephrine (Epi), norepinephrine, glucagon, corticosterone, etc. (16, 39, 45, 53) ]. Based on the postulate that activation of behavioral responses to hypoglycemia is contingent upon centrally mediated awareness of hypoglycemic symptoms, we reasoned that putative blunting of feeding by recurrent IIH (RH) could serve as a surrogate for hypoglycemia unawareness. We used a rat model of hypoglycemia-associated autonomic failure (33, 45, 46) , involving three bouts of IIH within a 24-h period, which results in significant impairment of glucagon, Epi, norepinephrine, and corticosterone responses to the third IIH exposure and found that the feeding counterregulatory response (CRR) was preserved despite prior IIH exposure.
We next used the well-characterized behavioral paradigm of palatable food-induced conditioned place preference (CPP) (17-19, 51, 55) as a surrogate to assess the aversive effects of IIH and the blunting of those effects following recurrent bouts of IIH seen in humans (8, 9) . We propose that awareness of these aversive effects of hypoglycemia in humans and rats requires a state of heightened arousal to recognize both the peripheral effects associated with Epi release [tremor, tachycardia, diaphoresis (27) ] and a central component modulated by perifornical hypothalamic (PFH) orexin/hypocretin (here referred to as "orexin") neurons. These neurons are glucosensing (4, 35, 56) and are involved in the autonomic responses to glucoprivation (29, 37) , feeding (14, 43) , reward-based learning, and behavioral arousal (23, 24, 28, 40) .
We found that, while a single bout of IIH severely blunted a learned CPP for palatable food, this blunting was prevented by both three bouts of RH and by SB-334867-A, a brain-penetrant orexin receptor-1 antagonist (25, 42) . It was not prevented using sertraline, a selective serotonin reuptake inhibitor, which we (37) and others (37, 46) have shown to amplify sympathoadrenal responses to acute hypoglycemia and prevent counterregulatory failure after RH. Our results provide the first animal model for assessing the behavioral response to hypoglycemia arousal ("awareness") after a single bout, its blunting following RH, and the first suggestion that PFH orexin neurons, but not serotonin, play an integral part in mediating these responses.
MATERIALS AND METHODS

Animals
Adult (7-8 wk old, 250 -400 g) male Sprague-Dawley rats were used in all studies. Rats for feeding and blood glucose studies were obtained from Simonsen Laboratories (Gilroy, CA), and those for CPP studies were from Charles River Laboratories (Kingston, NY). Rats were maintained at 23-24°C on a conventional 12:12-h lightdark cycle (lights on at 0800) at the animal research facility of the Veterans Affairs Puget Sound Health Care System (Seattle, WA) (feeding and blood glucose studies) and East Orange Veterans Affairs Medical Center (CPP studies). Food (Purina rat chow no. 5001) and water were available ad libitum unless otherwise specified. Experimental groups contained 4 -8 rats each for CPP studies and 8 -10 rats for feeding studies. All animal protocols and procedures were approved by the Institutional Animal Care and Use Committees of the Veterans Affairs Puget Sound Health Care System and the East Orange Veterans Affairs Medical Center.
Feeding Study: Surgical Procedure
All surgical procedures were performed using ketamine-xylazine anesthesia [60 mg/kg ketamine (Abbott Laboratories) and 7.8 mg/kg xylazine (Phoenix Pharmaceutical)]. Silastic intravenous catheters for blood drawing were surgically implanted using previously described methods (16, 44) . The catheter was tunneled subcutaneously, exteriorized through a midline scalp incision, and secured by acrylic cement (Lang Dental) and four skull screws (Small Parts). To maintain patency, the catheter tubing was filled with a mixture of 60% polyvinylpyrrolidone (Sigma) and heparin (1,000 U/ml; Elkins-Sinn) before use. All rats were allowed to recover presurgical weight before onset of the experimental procedure.
Food Intake Study: Experimental Procedure
Feeding was assessed to a first or third bout of IIH using our established model of hypoglycemia-associated autonomic failure (45, 46) . All experimental procedures began at lights on and were conducted in square acrylic testing chambers. Rats were familiarized with the testing chamber and habituated to injection (using saline) during the week before experimentation. Nonfasted rats were subjected to one of the following protocols: 1) repeated IIH, H/H/H, n ϭ 7: on day 1, rats were subjected to two bouts of IIH (2.5 U/kg sc regular human insulin, recombinant DNA origin; Novo Nordisk) separated by 1 h during which time food was available; on day 2, rats were subjected to a single bout of IIH (2.5 U/kg sc); 2) single IIH, S/S/H, n ϭ 7: 2 injections of saline (1 ml/kg sc) on day 1 followed by one episode of IIH (2.5 U/kg sc) on day 2; and 3) control, S/S/S, n ϭ 6: two injections of saline (1 ml/kg sc) on day 1 followed by one injection of saline (1 ml/kg sc) on day 2. Blood glucose levels were assayed in response to each 2-h episode of IIH or after saline injection on days 1 and 2. Blood samples (0.1 ml) were drawn from indwelling intravenous catheters 0, 60, and 120 min after injection of insulin or saline for immediate assessment of plasma glucose concentrations (Beckman Glucose Analyzer). Cumulative 3-h food intake was measured on day 2.
IIH Procedure for CPP Studies
On the day before experimental induction of IIH, Charles River Sprague-Dawley rats were semifasted overnight (access to chow restricted to ϳ13 g). On the morning of the experiment, all remaining food was removed, and hypoglycemia was initiated by bolus insulin (4.5 U/kg sc unless otherwise specified; Humulin; Lilly). Control animals received equal-volume saline injections. After the period of hypoglycemia (1 h for hypoglycemia in the CPP chamber and 2 h for home cage hypoglycemia), food was returned, and animals were allowed to feed ad libitum.
Single Bout IIH CPP Protocol
The CPP apparatus consisted of a modified open-field test box with transparent Plexiglas walls and two chambers distinguished by differences in the patterns on the floor (checkered or striped). Passage between chambers was controlled by a moveable barrier made of the same material as the rest of the apparatus. On test days (see below), video recordings (from overhead cameras) of 30-min trials were obtained, and time spent on either side of the CPP apparatus was scored by an observer blind to the experimental design. The CPP paradigm was chosen due to ease of implementation, prior work demonstrating its utility in studying the interface between metabolic neurocircuitry and motivated behavior (17) (18) (19) 51) , and because neurons localized to the lateral hypothalamus have been previously implicated in reward-based learning (23, 24, 40) (Fig. 1A) .
On day 1, rats were placed in the CPP box for 30 min with no barrier in place between sides to determine intrinsic place preference. Next, over six contiguous days, rats were placed on alternating sides of the CPP box for 30 min with a barrier in place. On alternating days (days 2, 4, and 6 or days 3, 5, and 7), rats received ϳ3 g chocolate (Nestle Chocolate Drops) on the nonpreferred side (as determined from the pretest on day 1), and their intake was measured. All rats received Ͻ1 g chocolate in their home cage before training to minimize neophobia. The CPP box was cleaned with 70% ethanol between animals. Training was conducted between 0800 and 1200 (same time of day for each rat). On day 8, rats were placed in the CPP box for 30 min without a barrier in place, and place preference was measured as time spent on each side of the two-chamber apparatus. On day 9, rats underwent IIH (4.5 U/kg sc bolus insulin injection) for 1 h on the preferred side (as determined from testing on day 8) with a barrier in place. On day 10, rats were placed in the CPP box for 30 min without a barrier, and place preference was measured as before. In additional studies designed to assess the role of orexin in this paradigm, SB-334867A (20 mg/kg ip; Tocris) (25) or vehicle (DMSO) were administered immediately before insulin. Food intake data for SH CPP and RH CPP (described below) are summarized in Table 1 . Fig. 1 . Timeline of conditioned place preference (CPP) protocol for single (A) and recurrent (B) hypoglycemia studies. A: intrinsic place preference was assessed on day 1 (pretest), CPP training was done on days 2-7, testing for CPP acquisition was done on day 8, rats underwent insulin-induced hypoglycemia (IIH) in the CPP apparatus on day 9, and CPP was again assessed on day 10. B: protocol for days 1-8 was identical to above, but on each of days 9-11 rats underwent single daily 2-h home cage bouts of IIH or saline injections followed by hypoglycemia in the CPP apparatus on day 12 and CPP assessment on day 13 (see MATERIALS AND METHODS for details).
RH CPP Protocol
For these studies, we used a different RH protocol than that used for the feeding studies to more closely temporally parallel the multiday period of training required for rats to acquire a CPP. We have used this protocol successfully in the past to produce a blunted neurohumoral response to RH (36) . Charles River Sprague-Dawley rats were assessed for initial place preference and trained for CPP as described above (days 1-8). On days 9-11, in their home cages, rats received either a single 2-h bout (at lights on) of IIH (RH group; 4 U/kg bolus insulin sc) or an equal volume saline injection (single IIH group) on each of three consecutive days (20, 33, 37) . Animals were semifasted overnight (as described above) before each hypoglycemic episode or saline injection, and then food was returned ad libitum after 2 h of hypoglycemia. On day 12, all rats received IIH (4.0 U/kg bolus insulin sc) for 1 h on the preferred side (as determined from testing on day 8) with a barrier in place. On day 13, rats were placed in the CPP box for 30 min without a barrier, and CPP was measured as before. In a separate set of studies, sertraline was administered beginning 1 wk before and continued throughout the CPP protocol (Fig. 1B) .
Minipump Implantation for Systemic Sertraline Infusion
Osmotic minipumps (model 2001; Alzet) were implanted subcutaneously via interscapular incision under ketamine-xylazine anesthesia. Minipumps were loaded with sertraline (Toronto Research Chemicals) at a concentration calculated to deliver 7.5 mg·kg Ϫ1 ·day Ϫ1 sertraline or vehicle (50% ethanol) as per the manufacturer's instructions (37, 46) .
mRNA Determination by Quantitative Real-Time PCR
Frozen brains from the RH study groups were cut on a cryostat to obtain 300-m coronal sections and stored in RNAlater (Ambion) until micropunching of the PFH and lateral hypothalamic area (LHA) was performed under stereotaxic guidance as previously described (57) . Quantification of mRNA in micropunched brain areas was carried out as previously described (57) . Standard curves were generated from serially diluted pooled samples for each probe and for constitutively expressed mRNA (cyclophilin) to control for differences in amplification efficiency and micropunch size. Results were calculated from the standard curves relative to cyclophilin mRNA levels in the same samples.
Statistical Analysis
All statistical analyses were carried out using commercially available software (Systat 8.0). One-way or two-way ANOVA were used for determination of significance depending on experimental design, and post hoc corrections were made using Bonferroni's test. Results are reported as means Ϯ SE.
RESULTS
Experiment 1: Feeding and Glucose Responses to Acute Hypoglycemia and RH
Blood glucose responses to acute and repeated IIH. Blood glucose reliably decreased in response to both day 1 insulin injections in the H/H/H group [30 Ϯ 3 vs. 27 Ϯ 3 mg/dl, (at 60 min), respectively; Fig. 2C ]. Blood glucose levels remained unchanged relative to baseline in response to saline injections in both the S/S/S and S/S/H groups on day 1 (Fig. 2, A and B) . Blood glucose levels declined to similar values [45 Ϯ 3 vs. 48 Ϯ 3 mg/dl (at 60 min) (Fig. 2D ) in the S/S/H and H/H/H groups, respectively, on day 2, demonstrating quantitatively comparable hypoglycemic stimuli]. Because food was available during day 2 and not during day 1 IIH exposures, the blood glucose nadir was significantly higher in the H/H/H group during day 2 (48 Ϯ 3 mg/dl) vs. day 1 (23 Ϯ 1 mg/dl) (P ϭ 0.01).
Feeding responses to acute and repeated hypoglycemia. A single exposure to IIH on day 2 (S/S/H) significantly increased 3-h cumulative food intake above that induced by saline in the S/S/S group (4.4 Ϯ 0.3 vs. 1.1 Ϯ 0.2 g, respectively; P ϭ 0.001; Fig. 3) . Similarly, food intake in response to a third exposure to IIH (H/H/H) (3.7 Ϯ 0.3 g) was also significantly greater than food intake in the S/S/S group (P ϭ 0.05) but was not significantly different from food intake in rats experiencing their first bout of IIH (S/S/H).
Experiment 2: Effect of Acute IIH on CPP
An animal's responsiveness (here referred to as awareness) of the negative symptoms of hypoglycemia (i.e., the aversive salience of hypoglycemia) can potentially be measured as the ability of hypoglycemia to prevent or attenuate a previously learned preference. We tested the hypothesis that a single bout of IIH would attenuate an animal's learned preference for one side of a two-sided CPP chamber using our palatable food reward CPP paradigm. Before training, rats (n ϭ 4/group) 6 Data are means Ϯ SE; n, no. of rats. CPP, conditioned place preference; SH, saline hypoglycemia; RH, recurrent insulin-induced hypoglycemia; SERT, sertraline; SAL, saline; VEH, vehicle; HYPO, hypothalamic. On alternating days (days 2, 4, and 6 or days 3, 5, and 7) , rats received approximately 3 g chocolate (Nestle Chocolate Drops) on the nonpreferred side (as determined from the pretest on day 1), and their intake was measured. There were no significant differences between groups. spent 69% more time on one striped side of the CPP apparatus (P ϭ 0.03, side 1 vs. side 2). This intrinsic place preference was completely prevented by the 6-day training regimen with a palatable food reward, resulting in a marked CPP (ϳ79% of time spent on previously nonpreferred side; P ϭ 0.003, side 1 vs. side 2). A single bout of IIH, on the side conditioned to be preferred, attenuated CPP (39% of time spent on previously preferred side; P ϭ 0.09, side 1 vs. side 2) such that neither side of the two-chamber apparatus was preferred (Fig. 4) .
Experiment 3: Effect of RH on CPP Responding to Additional IIH
Because a single bout of IIH severely blunted food reward CPP in rats (above) while repeated bouts of hypoglycemia blunt or prevent awareness of hypoglycemic symptoms in humans (7, 9, 10, 26), we tested the hypothesis that antecedent RH would attenuate the hypoglycemia-induced blunting of reward-based CPP. The CPP protocol was altered (Fig. 1B) to include three sequential days of home cage IIH [RH (4 U/kg bolus insulin sc); n ϭ 4] or saline (single IIH, SH; n ϭ 4) between the posttraining test (day 8) and a fourth bout of hypoglycemia in the CPP chamber (day 12). CPP was then assessed as before on day 13. SH rats, which experienced hypoglycemia for the first time on day 12 (after 3 days of home cage saline injections), showed the expected blunting of CPP (Fig. 5A) . However, rats that experienced three prior days of sequential home cage bouts of hypoglycemia failed to blunt a CPP when assessed after a fourth bout of hypoglycemia in the CPP apparatus on day 12 (P ϭ 0.036, SH vs. RH, day 13 CPP; Fig. 5A ). Furthermore, three sequential bouts of IIH caused a 50% decrease in the expression of preproorexin mRNA in the PFH, but not in the adjacent LHA, relative to a single bout of IIH (P ϭ 0.003, SH vs. RH; Fig. 5B ). This suggested that PFH orexin neurons and their reduced expression of orexin mRNA might be involved in the failure to prevent CPP after RH. 
Experiment 4: Effect of SB-334867A on Acute IIH-Induced Prevention of Food Reward CPP
To test the hypothesis that orexin neurons are involved in the CPP responses to a single bout of IIH, rats (n ϭ 4/group) underwent the standard CPP protocol but received either IIH (4.5 U/kg bolus insulin sc) ϩ SB-334867A (20 mg/kg ip), IIH ϩ DMSO (vehicle), saline ϩ SB-334867A (20 mg/kg ip), or saline ϩ DMSO on day 9. While IIH completely prevented the CPP in vehicle-treated rats, it failed to do so when paired with SB-334867A (P ϭ 0.001, hypoglycemia ϩ vehicle vs. hypoglycemia ϩ SB-334867A; Fig. 6 ). Because no significant difference was detected between the saline ϩ vehicle and saline ϩ SB-334867A groups, these data were pooled during analysis. There were no significant differences in place preference before training or CPP acquisition between groups.
Experiment 5: Effect of Chronic Sertraline Administration on CPP Responding to Single vs. Recurrent Bouts of IIH
Although 21 days of pretreatment with sertraline (7.5 mg·kg Ϫ1 ·day Ϫ1 sc) had previously been shown to amplify the counterregulatory response to acute hypoglycemia and prevent blunting of the CRR after RH (46), treatment with fluoxetine, another selective serotonin reuptake inhibitor, failed to amplify the behavioral symptoms associated with a single bout of IIH in humans (3) . Therefore, we hypothesized that sertraline pretreatment would not prevent the IIH prevention of CPP as seen after recurrent bouts of IIH (Fig. 5A) . In fact, sertraline pretreatment affected neither acquisition of CPP nor the failure of a fourth bout of IIH to prevent the CPP after three previous bouts of IIH (P ϭ 0.012, sertraline SH vs. sertraline RH, day 13 CPP; Fig. 7 ).
DISCUSSION
While numerous animal models exist that model the blunting of the neurohumoral CRR to RH that occurs in humans exposed to repeated bouts of IIH (32, 39, 50) , no animal model currently exists to mimic the behavioral unawareness that occurs in humans following RH (11) . To create such an animal model, we first simultaneously evaluated blood glucose and food intake in response to a first or third bout of IIH. Previous animal studies (15, 47, 48, 53) consistently show significant impairment of glucagon, Epi, and norepinephrine responses as a result of two prior bouts of IIH. However, food intake, a behavioral CRR to hypoglycemia requiring arousal and intact motor activity, was not blunted after RH. On the other hand, although the RH protocol differed, three prior bouts of IIH blocked the blunting of a CPP seen after a single bout of IIH. These results suggest that the CPP model, but not feeding, is a reasonable one to mimic the blunting of hypoglycemia awareness seen in humans following bouts of RH (9, 10, 26, 31) .
Acute reductions in blood glucose increase feelings of hunger (49) and potently stimulate food intake (13, 52) . Several studies in humans reported that antecedent hypoglycemia impairs hunger perception during subsequent episodes of hypoglycemia (11, 26, 38) . However, hunger ratings were often A B Fig. 5 . CPP in rats before (day 1) and after training with a palatable food reward (day 8) and after IIH (day 13) preceded by 3 previous bouts of home cage hypoglycemia (RH) or saline injections (SH). A: CPP is expressed as the difference in time spent on either side of a 2-sided CPP apparatus. Change in the sign of the CPP value reflects a change in preference relative to the previous time point. B: preproorexin mRNA relative abundance in the PFH and LHA in recurrent hypoglycemic or single hypoglycemic rats. Data are means Ϯ SE; *P Յ 0.05 between groups. Letters denote significant differences in treatment ϫ time by 2-way repeated-measures ANOVA. F(5,4) ϭ 5.3 (day 13, SH vs. RH). . CPP with (RH) and without (SH) 3 bouts of prior home cage hypoglycemia in rats pretreated with 21 days of 7.5 mg·kg Ϫ1 ·day Ϫ1 sertraline and assessed for CPP on day 13. CPP is expressed as the difference in time spent on either side of a 2-sided CPP apparatus. Change in the sign of the CPP value reflects a change in preference relative to the previous time point. Data are means Ϯ SE. Letters denote significant differences in treatment ϫ time by 2-way repeated-measures ANOVA . F(3,5) ϭ 3.1 (day 13, SH vs. RH) .
combined with other symptoms of hypoglycemia, many of which are mediated by autonomic nervous system activation (54) and thus subject to impairment by RH. More recently, however, Schultes et al. evaluated feelings of hunger independent from other symptomatic responses to one or multiple bouts of hypoglycemia (49) . They demonstrated that, whereas hypoglycemic symptoms (tremor, palpitations, and weakness, for example) were significantly reduced in response to a third bout of hypoglycemia, hunger ratings remained significantly elevated. These results are in keeping with our findings in rats suggesting that stimulation of food intake may not be subject to the same pathological mechanism(s) that impair hormonal CRR or hypoglycemia awareness. This may be due to differential control of neuroendocrine vs. feeding responses to hypoglycemia by distinct neural substrates. Such a dissociation is supported by the experiments of Ritter et al. (41) , which demonstrated that, while selective destruction of the rostralprojecting hindbrain catecholamine neurons permanently eliminated glucoprivic feeding, the sympathoadrenal response remained intact. Similarly, we found that, although depletion of PFH serotonin innervation impairs the sympathoadrenal response to local glucoprivation and systemic IIH, it does not impair the feeding response to these manipulations (37) .
Given the preservation of the feeding response to IIH after RH, we also attempted to use a food reward-based CPP as a surrogate for the arousal or awareness associated with acute hypoglycemia and its blunting after recurrent bouts of hypoglycemia in humans. We demonstrate here that a single bout of IIH prevented a learned CPP and that this prevention was blunted following antecedent bouts of RH. We postulate that CPP prevention following a single bout of IIH is due to the aversive effects of both peripheral Epi-mediated and central neuronal activation-associated hypoglycemia symptoms. The fact that CPP blunting was prevented by concurrent systemic administration of a brain-penetrant orexin-1 receptor antagonist (25, 42) strongly suggests that orexin neurons, which are found only in the PFH and LHA (12, 43) , are critical components of this response. In fact, we have shown that this same antagonist blunts the Epi response to IIH (37) in keeping with the known connections of PFH orexin neurons with brain stem sympathetic outputs (29) and polysynaptic inputs to the adrenal gland (21) . Our results demonstrating a selective decrease in PFH, but not LHA preproorexin expression following RH, further potentially implicate PFH orexin neurons in the blunting of the behavioral response to RH. On the other hand, although we previously demonstrated a critical requirement for PFH serotonin release for the full Epi response to both PFH glucoprivation and IIH (37) , systemic pretreatment with sertraline failed to block the inhibitory effect of RH on hypoglycemia-induced CPP blunting. These findings are in keeping with those in humans where chronic fluoxetine, another selective serotonin selective reuptake inhibitor, enhanced the counterregulatory neurohumoral responses but failed to enhance the symptoms (awareness) associated with hypoglycemia (3).
In our behavioral model, we used the aversive salience of hypoglycemia (i.e., the ability of hypoglycemia to blunt a previously acquired preference) as a surrogate for the arousal or awareness of hypoglycemia experienced by humans (1, 2, 27, 30) . A reward-based CPP was used as opposed to using hypoglycemia as the primary aversive stimulus (i.e., conditioned place aversion) because reward-based learning has been shown to involve orexin neurons (23, 24, 40) and to facilitate the interpretation of experimental results. We found in preliminary studies (data not shown) that, while intrinsic (nonrewarded) place preference was highly variable among subjects and experiments, training for reward-based CPP allowed for reliable baselines for all animals.
We postulate that the aversive effects of hypoglycemia require behavioral arousal to allow for awareness of these aversive effects to be experienced by rats. Of course, we cannot directly measure awareness in rats. However, our use of the CPP paradigm appears to provide the first behavioral surrogate of hypoglycemia unawareness in rats in that RH completely blunts the behavioral arousal and aversion required for a single bout of IIH to prevent reward-based CPP. The present studies show that, in an animal experiencing hypoglycemia for the first time, a single bout of IIH is sufficient to significantly blunt a CPP learned by using highly palatable chocolate drops but that antecedent RH completely prevents hypoglycemia-induced blunting of this CPP. This phenomenon is distinct from simple extinction since rats that experienced three bouts of home cage saline injections still displayed a robust hypoglycemia-induced blunting of CPP when then exposed to a single bout of IIH in the CPP apparatus on the fourth testing day. Thus, although we did not directly assess extinction of the food reward CPP, our RH studies suggest that, within the time frames used in our experiments, significant extinction of learning did not occur.
We propose that the loss of a previously entrained CPP after a single bout of IIH is dependent on the association between the negative consequences of hypoglycemia and the preferred side of a testing apparatus. The loss of this association did not occur after prior recurrent bouts of home cage hypoglycemia, which we interpret to reflect an absence of awareness of the aversive qualities of IIH. However, the absence of insulininduced CPP loss following recurrent home cage hypoglycemia may, alternatively, be due to habituation of animals to the hypoglycemic stimulus, which might preclude the formation of an association between hypoglycemia and the test chamber. Further studies will be necessary to determine whether or not prevention of insulin-induced CPP blunting by RH is part of a more general habituation phenomenon.
Hypoglycemia-induced prevention of food-reward CPP appears to be mediated at least in part by orexin signaling through the orexin receptor-1 because concurrent administration of SB-334867A with systemic hypoglycemia significantly attenuated CPP prevention. In addition, repeated bouts of hypoglycemia selectively attenuated preproorexin expression in the PFH but not the adjacent LHA. This suggests a potential mechanism of hypoglycemia unawareness, i.e., diminished ability of hypoglycemia to stimulate arousal-promoting orexin neurons of the PFH, which are well described to be activated by hypoglycemia (5, 6, 22, 34) . Because PFH orexin neurons are implicated by the present findings in awareness of hypoglycemia, and by previous work in neurohumoral CRR to glucoprivation (29, 37) , they constitute a potentially important central neural substrate for mediating multiple components of hypoglycemia-associated autonomic failure. Orexin neurons, especially of the PFH, may contribute to behavioral responses during hypoglycemia, which are due to their activation during lowered glucose levels and which are independent of the symptoms caused by elevated Epi levels.
We (37) and others (3, 46) have shown that serotonergic signaling promotes the autonomic counterregulatory responses to acute IIH. Sanders et al. (46) demonstrated that a 21-day pretreatment with sertraline prevented attenuation of the adrenomedullary response by RH. We therefore reasoned that this regimen would diminish hypoglycemia unawareness, modeled by attenuation of hypoglycemia-induced CPP prevention by repeated antecedent bouts of hypoglycemia. However, sertraline pretreatment failed to prevent RH-induced attenuation of hypoglycemia-induced CPP prevention. These results, and those in humans, where a selective serotonin reuptake inhibitor failed to enhance the behavioral awareness of hypoglycemia (3), suggest that separate neural pathways may mediate behavioral as opposed to neurohumoral and autonomic responses to hypoglycemia.
In summary, we propose a novel rat model for studying hypoglycemia awareness using hypoglycemia-induced prevention of a food reward CPP. We found that expression of this behavioral phenomenon is attenuated by recent antecedent hypoglycemia and contingent upon intact orexin signaling through the orexin-1 receptor. We also provide evidence against a role for selective serotonin reuptake inhibitors in preventing hypoglycemia unawareness.
